In this paper, we study frequency-dependent PP and PS reflections from the interface of a two-layer model. The lower medium is considered to have frequency-dependent elastic properties. Numerical modeling has been carried out to understand how two reservoir properties -porosity and water saturation, affect the frequency-dependent behavior of PP and PS reflections. We find that porosity has an effect on the magnitude of PP and PS reflections, and also affects the frequency-dependence of reflections to a certain extent for full water saturation. Water saturation significantly influences the frequency-dependence of the PP reflection. For partial saturation where there is a phase reversal, the phase reverses gradually without the amplitude becoming zero, which is different from the elastic case. We also find that the frequency-dependent PS reflections are as inconspicuous as PP reflections for partial saturation, with relatively high frequency-dependence at large incident angle.
Introduction
Mesoscopic fluid flow in porous media is considered to be an important mechanism that gives rise to seismic velocity dispersion and attenuation. Velocity dispersion leads to a frequency-dependent AVO response, which can be modeled by considering attenuation during seismic wave propagation. Chapman et al. (2006) studied fluid induced velocity dispersion and attenuation using frequencydependent rock physics theory. Innanen (2012) derived frequency-dependent PP, PS and SS reflection coefficients by incorporating a nearly constant Q into the Zoeppritz equations. An additional cause of frequency-dependent reflections is the tuning effect from thin layers. Quintal and Schmalholz (2009) studied the combined effect of tuning and attenuation due to fluid flow, based on Biot's theory.
Velocity dispersion can also cause an observable seismic wave signature in field data. Wu et al. (2015) displayed field data from the Vienna basin, in which strong attenuation due to wave-induced fluid flow generated both a frequency-dependent amplitude and gradual phase reversal effect. This new phenomenon was modeled with the Chapman et al. (2002) squirt model. This paper studies frequency-dependent PP and PS reflections from an elastic-anelastic interface through numerical modeling. The anelastic medium is considered to be a sandstone reservoir partially saturated with water and gas mixture. We focus on studying the change of PP and PS response with varying porosity and water saturation.
Theory
The frequency-dependent reflection coefficient is calculated by combining the Chapman et al. (2002) squirtflow model with the explicit Zoeppritz equations in matrix form (Schoenberg and Protazio, 1992) . The squirt-flow model is used to calculate the frequency-dependent effective elastic moduli: 
where ρ f , ρ g , ρ w is the densities of the effective fluid, gas and water, respectively. K g and K w are the bulk moduli of gas and water. S g is the gas saturation. The viscosity of the effective fluid is averaged arithmetically in terms of the volume percentage of each fluid.
After deriving frequency-dependent c ijkl , we can obtain the vertical slownesses and polarizations through the Christoffel equation when given the horizontal slowness s 1 ,
Finally, the frequency-dependent PP and PS reflection coefficient can be calculated using the method of Schoenberg and Protazio (1992),
where R is a 3×3 matrix, with R 11 for PP wave reflection coefficient and R 21 for PS wave reflection coefficient. X and Y, X' and Y' are calculated by the slownesses and polarizations derived from equation (4).
Numerical Modeling
A two-layer model is designed to study the frequencydependent reflections from the interface. The model consists of an elastic shale layer overlying an anelastic fluid-saturated sandstone half space. The thickness of the upper layer is 1km. Table 1 gives the parameters for the model. Vp and Vs are the velocities at 10Hz when porosity is 20% and water saturation is 100%. Velocities for other combinations of porosity and water saturation can be calculated by incorporating eqs. (2) and (3) into (1). Figure  1 displays the velocity dispersion and attenuation of the Pwave and S-wave for the reference medium using the Chapman et al. (2002) model. The P-wave dispersion and attenuation is obvious, with 0.1km/s velocity difference between low and high frequency limits. The maximum Q value for P-wave is about 29.8. The shear wave dispersion is not as obvious as in the P-wave, with 0.033km/s velocity difference between low and high frequency limits. The Swave attenuation peak moves to a higher frequency, corresponding to a maximum Q value of about 43.9. Figure 1 .The P-wave and S-wave velocity dispersion and attenuation (1/Q) for the reference sandstone medium. Figure 2 displays the Rpp and Rps for full water saturation when the porosity is 5% and 10% respectively. Reflection coefficients have been calculated for 5 frequencies at 10Hz, 20Hz, 30Hz, 40Hz and 50Hz. When the porosity is 15%, since the velocities and density of the lower medium are higher than those of the upper layer, the PP reflection coefficient Rpp in (a) decreases with incident angle, exhibiting the feature of Class I AVO. High velocities at high frequencies lead to high elastic impedance contrast between the upper layer and lower medium. This gives rise to reflection coefficients increasing with frequency, which is consistent with Chapman et al. (2006)'s conclusion that high frequency energy will be better reflected. When the porosity is 5%, the Rpp coefficients in (c) have higher values, with slightly reduced frequency-dependence. The PS reflections show little frequency dependence for these two scenarios of porosity. The P-wave has no S-wave reflection at normal incidence, with higher Rps values at large incident angle when the porosity is 5%. Figure 3 displays the PP reflection coefficients for four scenarios of water saturation. In (a), when the sandstone is fully saturated with gas, we can see there is no frequencydependence of reflection coefficients. When water saturation is 50% (b), the reflection coefficients show significant frequency-dependence, with high values at low frequencies. (a) and (b) are features of Class III AVO for the frequency-dependent case. When water saturation increases to 70% (c), the five curves intersect at about 10º incident angle. Before the intersection, the reflection coefficients increase with frequency, while after the intersection, the reflection coefficients show the opposite trend. This phenomenon becomes more significant when water saturation is 90% as shown in (d). (c) and (d) can be deemed as Class IIp AVO for the frequency-dependent case. Another difference from the elastic Class IIp AVO is no zero-crossing of the reflection coefficients. Figure 4 shows the frequency-dependent PS reflection coefficients when the porosity is 15% and water saturation is 50%. We see the frequency-dependent reflection coefficients increase with incident angle, with low frequencies having high reflections. This can be explained by Aki and Richards (1980)'s approximation, in which the Rps is negatively correlated to ∆Vs/Vs at small and moderate incident angles.
In order to understand the frequency-dependent effect on the seismic AVO response, we carried out forward modeling for the two-layer model with ANISEIS software, in which the lower medium is considered to have frequency-dependent elastic moduli. A 40Hz Ricker wavelet is used as the source. 11 traces have been generated with a trace spacing of 200 meters. Figure 5 shows the synthetic waveforms under full gas saturation (Sw=0%), partial gas saturation (Sw=90%) and full water saturation (Sw=100%) when porosity is 15%. For full gas saturation (a), we see a typical Class III AVO for PP reflections. For partial gas saturation (b), the amplitude of the PP wave changes from positive to negative, with its phase reversing gradually from 40 o to 160 o . Notice that there is no zero-crossing of amplitude, in contrast to the elastic phase reversal. The PP-wave AVO response becomes Class I under full water saturation (c). For the PS wave, we see an initial increase and then decrease of amplitude with offset, in agreement with the trend of the PS reflection coefficients.
Conclusions
In this paper, the effect of porosity and water saturation on frequency-dependent PP and PS AVO behavior has been studied using a two-layer model, with the lower medium having frequency-dependent elastic properties. Changing the porosity in the lower medium has an effect on the magnitude of PP and PS reflections, since porosity variations lead to different velocity and elastic impedance contrasts. We also see that porosity affects the frequencydependence of reflections to a certain extent under full water saturation.
Water saturation has a significant effect on the velocity dispersion, which leads to variations of frequencydependence for the PP reflection. For Class I AVO under full water saturation, the PP reflections are focused on high frequencies. When water is replaced with gas, the AVO behavior changes to Class III, with reflection energy focused on low frequencies. For partial saturation where there is a phase reversal, we see the phase reverses gradually from 40 o to 160 o without a zero-crossing of amplitude. Council). (c) Sw=70% (d) Sw=90% PP Figure 3 . The frequency-dependent PP reflection coefficients (absolute value with no phase information) for four scenarios of water saturation when porosity is 15%.
